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Chapter I
Introduction

The fragmentation of cylindrical shells subjected to explosive loading is of
practical importance to those who seek to improve the effectiveness of fragmenting
munitions. In general, fragmenting munitions depend on dispersion of metal fragments to
provide a significant portion of their lethality. Next to direct blast effects, fragmentation
is the most widely-used destructive mechanism. The direct use of fragmentation can be
found in nearly all types of weapons ranging from hand grenades to mines and missiles
(Beetle and Schwarts, 1976). By controlling the fragment parameters, the engineer can
obtain greater effectiveness from the available mass. The study of fragmentation stems
from primarily statistical and experimental approaches, with increasing interest in the use
of computational modeling. With the advancement of computational models, the subject
can now be approached from a theoretical perspective. Using a computational model
allows the engineer to reduce the number of tests by only testing enough samples to
validate the model rather than a separate test for each parameter varied.
Fragmentation requirements imposed on a munition vary greatly depending on the
size of the munition and the desired target. These requirements are primarily related to
the mass, velocity, and the mass distribution of the fragments.
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The cost of materials and manufacturing are not considered in the current work, although
the methods evaluated here aim to reduce both. The attention of this thesis is focused on
the effects of varying material percentages on the fragmentation of bimetallic shells.
The first factor to consider when optimizing a fragmenting munition is the
fragment distribution when allowed to naturally fragment. Desired fragment sizes range
from as small as two grains (0.13 grams) to something on the order of hundreds of grains
(13 grams) (Beetle and Schwarts, 1976). Much of the early understanding of natural
fragmentation was made by N.F. Mott, who developed a fragment mass distribution
(Mott, 1947; Grady, 2006). His theory predicts that, for a naturally fragmenting ring,
there will be a greater number of small fragments than larger fragments and the
distribution of the mass follows an exponential function (the Mott distribution). It is
important to have a proper mass distribution of the fragments. If the range of smaller
fragments is too large, there may not be a sufficient amount of effective fragments that
can cause desired damage to the target. In such a case, a large amount of available
fragmenting mass is wasted, and the design could be improved by having a more
effective mass distribution of the fragments.
In order to control the fragment distribution, the weapons engineer may select a
wide range of controlled fragmentation techniques. Each technique has its limitations,
and they will only be discussed in Chapter III. The focus of this thesis is on the use of a
bimetallic shell to control the fragment distribution. By constructing the shells with two
layers of dissimilar families of metals, the natural fragmentation process can be
controlled and the desired fragment distribution can be achieved. For this study, Inconel
718 and OFHC Copper are used for the two layers of the shells. Although the fragment
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distribution can be altered using this method, there are still some small fragments that are
produced and cannot be eliminated. However, the quantity of these small fragments can
be reduced in favor of larger, more effective fragments.
The purpose of this research is to evaluate the effects that changing the
percentages of materials that compose bimetallic shells will have on fragment size and
distribution. This was done by keeping the explosive and shell area constant, but
changing the thickness of each of the corresponding layers of the shell. The goal is to
show that as the percentages change, there is a clear trend in fragment size that can be
utilized in designing an effective fragmentation munition. In other words, if one material
is below a critical thickness, the shell will fragment on the bases of the thicker layer.
Likewise, the layer above this critical thickness may allow the shell to fracture within a
layer in addition to fracturing through both layers, causing a reduction in the average
fragment size.
To validate the computational results, live explosives testing should be conducted.
However, live testing has associated high costs, safety concerns, manufacturing time, and
logistics. Due to these factors, no live tests were performed for this specific study.
Instead, this thesis relies on ABAQUS software for modeling the fragmentation.
Multiple, simple test cases were performed using ABAQUS for which there are analytical
solutions, results from literature, or live test data available. Some test cases were used to
prove the validity of ABAQUS in modeling highly dynamic events. Other cases were
conducted to show that the model methodology was applicable to this particular scenario.
These validations provide confidence in the computational results.
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The thesis proceeds as follows. In Chapter II, a very brief review of wave
mechanics is provided with the presentation of an analytic solution to a simple problem
involving symmetric impact of two deformable bars. The analytic solutions will be used
to validate the numerical results given in Chapter IV. Chapter III presents some
background information on natural fragmentation, with an emphasis on the seminal
fragmentation work by Mott. A discussion on controlled fragmentation is also presented.
Chapter IV discusses the analysis software used in this study and presents a validation of
the numerical results by comparing the results with analytic solutions for symmetric
impact of bars, and with live test data for an expansion of cylindrical shells and previous
numerical results using a different analysis code. Computational modeling of
fragmentation of bimetallic shells is presented in Chapter V. Finally, conclusions reached
from the results and recommendations for further study are provided in Chapter VI.
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Chapter II
Review of Stress Waves in Solids

The mechanical processes that occur within a deformable solid subjected to high
rates of loading can differ significantly from those that occur under static or quasi-static
situations. If the rate of the applied load is sufficiently low, then the solid can be analyzed
under static conditions using traditional mechanics of materials. In static and quasi-static
scenarios, any element in the solid is in equilibrium. However, in dynamic situations one
part of the solid may be stressed while the other portion has not experienced the same
stress (Meyers, 1994). Stress travels through the body as waves, which have wellestablished velocities. This means that there is a finite time to which the body
experiences the same stress state. The strain rates associated with various testing methods
are summarized in Table 2.1 (Meyers, 1994). The problem considered in this thesis refers
to strain rates in the high to ultra-high velocity category.
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Table 2.1: Loading Categories Based on Strain Rates

2.1 Analytic Solution of Symmetric Impact Problem
Consider the propagation of stress waves generated by an impact of two solid
bars, as shown in Fig. 2.1. For this simple problem, the distributions of the stress, particle
velocity, and density after impact can be solved analytically and the results can be used to
benchmark the finite element solution of the same problem. The striker bar is traveling
toward the impact bar at a constant velocity U1. At some time (𝑡 = 0) impact between the
bars occurs and compressive stress waves are generated on the interface and propagates
toward the free ends. At some later time (𝑡 = 𝑡1 ) a portion of the striker bar (to the left of
the impact surface) and a portion of the impact bar (to the right the impact surface) are
under compression and travel at U2. The remaining portions (beyond the wave fronts) are
stress free and the particle velocities remain unchanged. The situation is depicted
schematically in the bottom part of Fig. 2.1.
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Figure 2.1: 1-D Impact Analysis Example

The particle velocity of the stressed portions of the bars is found by consideration of mass
conservation (Meyers 1994)

𝑈2 =

𝜌1 𝐶1 𝑈1
𝜌1 𝐶1 + 𝜌2 𝐶2

(2.1)

where 𝜌1 , 𝜌2 , C1, C2 are, respectively, the densities and wave speeds of the striker and
impact bars. As a special case, consider symmetric impact where both bars are made of
the same material:𝜌1 = 𝜌2 = 𝜌, 𝐶1 = 𝐶2 = 𝐶. Equation (2.1) simplifies to
1
𝑈2 = 𝑈1
2

(2.2)

The pressure developed in the bars is solved from conservation of momentum:

𝑃2 = 𝜌𝑈𝑆 𝑈2

(2.3)

where 𝑈𝑆 is the velocity of the stress wave. For high-velocity impact, the pressure wave
becomes a shock wave and the wave speed is dependent on the particle velocity. For
7

impact problems that do not involve phase changes of the materials, a linear relationship
between the wave speed to the particle velocity is sufficient (Meyers, 1994)

𝑈𝑆 = 𝐶 + 𝑆𝑈2

(2.4)

where 𝐶 = √𝐸/𝜌 is the elastic wave speed and 𝑆 is a material constant. It follows that
the wave speed increases with the particle velocity, leading to the formation of shock
waves. Equation (2.4) is often called a nonlinear Equations of State (EOS), whereas the
approximation of 𝑈𝑆 = 𝐶 is referred to as a linear EOS, which is valid when the particle
velocity is much smaller than the elastic wave speed. Substituting Equations (2.2) and
(2.4) into Equation (2.3) yields the relationship between the pressure produced and the
impact velocity

𝑃2 =

1
1
𝜌 (𝐶 + 𝑆𝑈1 ) 𝑈1
2
2

(2.5)

For low velocity impacts (i.e., the particle velocity 𝑈2 is much smaller than the
elastic wave speed 𝐶) in which no shock is introduced, the wave speed can be considered
constant (: 𝑈𝑆 = 𝐶). Using this assumption Equation (2.5) simplifies to
1
𝑃2 = 𝜌𝐶𝑈1
2

(2.6)

which is the pressure generated by a low-velocity impact. The elastic limit velocity is
defined as the impact velocity above which the material will deform permanently and is
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an important material parameter. It can be found by setting 𝑃2 in Equation (2.6) to the
yield stress of the material, 𝜎𝑦 :

𝑈 𝐸𝐿 =

2𝜎𝑦
𝜌𝐶

(2.7)

As a model material, copper (Cu) is considered. The elastic limit velocity is
calculated based on material properties and Equation (2.7). Based on this value two
velocities are chosen that are greater than the elastic limit velocity, and one that is less.
These three velocities will result in a purely elastic scenario and two cases in which
shock and plastic deformation are present. The material properties used in the
calculations are shown in Table 2.2 (Meyers, 1994).

Table 2.2: Copper Properties

ρ (g/cm3)

C (mm/μs)

S

σy (MPa)

8.93

3.94

1.49

33

An elastic limit velocity of 1.88 m/s was determined from Equation (2.7). Based
on this value a velocity of 0.5 m/s was chosen as an example of elastic impact. With the
selected velocity and using Equation (2.6) a pressure of 8.80 MPa was induced behind the
wave fronts in both bars.
As examples of inelastic impact, impact velocities of 5 m/s and 500 m/s were
selected. For the impact velocity of 5 m/s, a pressure of 88.04 MPa was calculated. Even
though the impact velocity is above the elastic limit velocity, the velocity is relatively
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low compared with the elastic wave velocity, hence the effect of particle velocity on the
wave speed is small, and the pressure calculated using Eq. (2.5) was only slightly over
the linear approximation given in Eq. (2.6). For the high impact velocity of 500 m/s, the
pressure calculated using the nonlinear EOS given in Eq. (2.5) was 9.63 GPa, which is
about 9% higher than the pressure given by the linear approximation of Eq. (2.6).
The symmetric impact of three impact velocities will later be modeled
numerically and the analytic results will be used as benchmark cases for numerical
models.
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Chapter III
Natural and Controlled Fragmentation

When discussing fragmentation, it can be broadly broken into two categories: 1)
natural fragmentation. 2) unnatural fragmentation. The goal in both categories is to
create a design that produces fragments with a mass, velocity, and distribution of
appropriate size to be effective against a desired target. The rest of this chapter examines
the phenomenon that control natural fragmentation, as well as outlines some of the most
prominent methods of controlled fragmentation. Also, the mathematical approaches to
predicting the fragmentation will be examined. This includes the early statistical theories
of Lineau and Mott.
Some of the parameters that control fragmentation are the geometric qualities of
the shell, mechanical and molecular properties of the shell material, and the explosive
used to apply the load (Lloyd, 1998). These properties apply to both controlled and
natural fragmentation among other variables that are specific to each method.
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3.1 Natural Fragmentation
Natural fragmentation is described as not having any design features that are used
to influence the fragment size, velocity, or distribution resulting from a high explosive
loading condition. In general, the shell dimensions, shell material, and explosive are the
parameters which are varied in order to control the fragment distribution. In other words,
natural fragmentation does not rely on additional manufacturing or processing steps
beyond what is required to produce the shell (Pike, 2010).
The process of natural fragmentation in a shell occurs in 4 main steps as described
in Figure 3.1 (Lloyd, 1998). First, the high explosive is detonated causing a drastic
increase in pressure inside of the shell. As the pressure increases the shell begins to
expand. At a certain point in the expansion process, cracks begin to form on the outside
of the shell, which happens around 9 microseconds. These cracks continue to grow until
gas products produced by the detonated high explosive begins to escape the cracks. At
this point, the fragmentation process has taken approximately 18 microseconds. Finally,
fragments are expelled from the detonation cloud produced by the explosive at
approximately 65 microseconds.
The advancements in computational models has led to their use in predicting the
fragment distribution associated with a particular design. When the subject of
fragmentation was first studied it was common to explosively test a particular shell
design in order to determine the fragment distribution (Pike, 2010). Although testing is
still needed to validate computational models, it is a costly and time consuming process.
Thus, the need for accurate and repeatable computational models has become
increasingly necessary.
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Figure 3.1: Natural Fragmentation Process Relative to Time

3.1.1 Statistical Fragment Distribution
Toward the end of World War II, N. F. Mott began his efforts to statistically
describe the fragmentation of bodies subjected to explosives loads, specifically the
fragmentation of cylindrical shells (Grady, 2006). Mott used his physics knowledge and
intuition to produce his statistical predictions, and then later used test data to validate his
predictions. His fragmentation model forms the corner stone for later research on
fragmentation. For ease of reference the statistical fragmentation model of Mott (1947) is
reviewed.
The fragmentation analysis pursued by Mott relates to that of an expanding ring.
Mott made several simplifying but physically sound assumptions including: 1) the elastic
deformation is neglected; 2) the material is perfectly plastic with yield (flow) stress  y ;
3) the stress state of the material is uniaxial tension. Mott also assumed that the fracture
occurred instantaneously compared with the strain rate of the material, and the stress
13

reduces to zero when fracture occurs. Thus, energy associated with the fracture process is
ignored.
Mott defines the plastic strain, s, in the ring as

𝑠=

𝐴0 − 𝐴
𝐴

(3.1)

where A0 and A are, respectively, the original and final cross sectional areas. Mott
postulates the chance (probability) an unfractured specimen of unit length fails when the
plastic strain is increased from s to s + ds is
𝐶𝑒 𝛾𝑠 𝑑𝑠

(3.2)

where C and γ are the model constants (Mott, 1947). The probability that a specimen will
fracture before the plastic strain s is reached can be written as
𝑑𝑝
= (1 − 𝑝)𝐶𝑒 𝛾𝑠
𝑑𝑠

(3.3)

Solving Eq. (3.3) gives the (cumulative) probability that the ring breaks before a strain s
is reached (Mott, 1947):

𝑝 =1−𝑒

(

−𝐶 𝛾𝑠
𝑒 )
𝛾

Using this information the average strain for fracture to occur, 𝑠0 , is given by (Mott,
1947)
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(3.4)

∞

𝑠0 = ∫ 𝑠
0

𝑑𝑝
1
𝛾
𝑑𝑠 = [𝑙𝑜𝑔 ( ) + 0.577]
𝑑𝑠
𝛾
𝐶

(3.5)

The r.m.s. (Root Mean Square) of the scatter in the fracture strain is (Mott, 1947)
1/2

∞

{∫ (𝑠 − 𝑠0
0

)2

𝑑𝑝
𝑑𝑠}
𝑑𝑠

≈

1.28
𝛾

(3. 6)

If the constant γ were infinite, the strain at fracture would be perfectly definite (Mott,
1947). This would cause an infinite number of fragments, which of course does not
occur. For a finite value of constant γ, there is a finite probability of fracture which
increases quickly as the critical (fracture) strain

s0 is approached. Once there has been

failure in the ring, Mott predicted that there would be a release in stress surrounding the
fracture point as shown in Figure 3.2 (Mott, 1947). The shaded region represents the
areas where stress has been relieved. Thus, fracture can no longer occur in section AB or
A’B’, but the materials outside the shaded region continue to be strained and the
probability of fracture increases. The shaded region travels as a wave and has been
named the Mott wave.

Figure 3.2: Stress Release at a Point of Fracture
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Mott assumed that the thickness of the ring was much smaller than its radius.
Additionally, since Mott assumed that fracture occurred instantaneously there is no
change in the radius and velocity of the ring at the time of fracture. The strain rate in the
expanding ring is
𝑑𝑠 𝑣
=
𝑑𝑡 𝑟

(3.7)

where v and r are respectively the radial (expanding) velocity and the radius of the ring at
the moment of fracture. Based on the competition of the stress release due to fracture and
increasing probability of fracture due to continued straining in the materials beyond
release wave fronts, Mott derived the following characteristic length,

x0 :

2𝜎𝑦 𝑟
2𝜎𝑦 1
𝑥0 = √
=√
𝜌𝛾 𝑣
𝜌𝛾 𝑠̇

(3.8)

where  is the density of the ring material. It was found that the majority of fragment
lengths occur in the range of

x0 to 2x0 , with an average of about 1.5x0 (Mott, 1947). It

follows from Eq. (3.8) that the average fragment length (1.5𝑥0 ) is inversely proportional
to the strain rate in the ring at the moment of fracture and fragment length increases with
the scatter in the fracture strain (a smaller value of the constant 𝛾 corresponds to a larger
scatter in the fracture strain).
With the fragment length statistically determined, Mott and Linfoot extended their
theory to the statistical distribution of the mass of fragments. Mott and Linfoot developed
the probability density distribution function for the mass of the fragments
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−1⁄
2

1 𝑚
𝑓(𝑚) =
( )
2𝜇 𝜇

𝑒 −(

1
𝑚⁄ ) ⁄2
𝜇

(3.9)

which leads to the cumulative probability distribution

𝐹(𝑚) = 1 − 𝑒 −(

1
𝑚⁄ ) ⁄2
𝜇

(3.10)

where μ is the distribution scale parameter (Mott and Linfoot, 1943). This distribution
has been successfully compared to a large amount of fragmentation data and is called the
Mott distribution (Grady, 2006).

3.2 Controlled Fragmentation
Controlled fragmentation is achieved by purposely changing the features
(geometry) of a fragmenting munition in order to achieve a distribution of fragment mass
which is more desirable than those produced by natural fragmentation. In general, adding
these features to the munition increases manufacturing time and cost associated with its
production (Pike 2010). The design features used to control the fragment distribution
discussed in this thesis are: external geometry, localized embrittlement, and internal
grooves. The research encompassed in this thesis mainly relies on influencing natural
fragmentation. Therefore, only a broad overview of the methods for controlled
fragmentation is covered.
3.2.1 External Geometry
The process of natural fragmentation starts with the development of fractures on
the outside edge of the fragmenting munition shell. This would lead engineers to try to
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exploit this effect by altering the geometry of the outer shell (Pike, 2010). However,
under dynamic loading conditions in which shock waves are introduced, exterior grooves
do not give predictable fragmentation results.
This is due to the compression waves interaction with the grooves on the outer
edge. From the discussion of shock wave propagation, compression waves will reflect
and become rarefaction waves when they encounter a free surface. Since the first free
surface is reached before the outer radius of the shell, there is an interaction between the
rarefaction waves and compression wave. These tensile waves form on the faces of the
grooves and produce points of failure after crossing (Pike, 2010). A good example of
external grooves is present on grenades used during the Second World War.

3.2.2 Localized Embrittlement
In this process the material properties of the metal casing are altered, and a more
effective controlled fragmentation is achieved (Pike, 2010). The depth and spacing of the
embrittlement zones are varied in order to obtain the desired fragment distribution. This
is illustrated in Figure 3.3 (Held, 1993). The first illustration shows an embrittlement
depth of approximately 25%-50%. Two fragment types are formed: the outer fragment
produced by tensile radial cracking and the inner fragments due to shear cracking (Pike,
2010). It can be seen that as the depth of the embrittlement increases the size of the shear
fragments decreases until the depth reaches 100%, at which point no shear fragments are
present.
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Figure 3.3: Casing Embrittlement
3.2.3 Internal Grooves
The use of internal grooves yields predictable fragmentation results even if the
design parameters are not precise (Pike, 2010). This method utilizes the stress
concentration within the casing to induce fracture at the desired location. An illustration
of the failure induced through this method is given in Figure 3.4 (Lloyd, 1998).
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Figure 3.4: Internal Grooves Used to Induce Fracture

The properties of the material used for the fragmenting munition is of significant
importance in achieving the desired fragmentation. Because this method attempts to
activate failure in shear, a more ductile metals is desired (Held, 1993). If the material fails
in shear under natural fragmentation, it can be assumed that the same will follow when
internal grooves are used.
Additionally, the groove cross section has an impact on the fragmentation
characteristics (Pike, 2010). Symmetrical groove profiles cause two primary shear
fracture trajectories based on the root of the notch. On the other hand, asymmetrical
groove cross sections only initiate one primary and one secondary trajectory. The
difference in these two groove geometries is shown in Figure 3.5 where the left figure
shows a symmetric geometry and the right shows an asymmetric profile (Held, 1993).
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Figure 3.5: Groove Cross Sectional Geometry and Fragment Trajectories

The use of symmetric groove geometries tends to create smaller secondary fragments and
larger primary fragments (Lloyd, 1998). The secondary fragment may not have the size
needed to be effective, and is therefore a possible waste of fragmenting mass. On the
other hand, asymmetric groove geometry tends to produce a larger primary fragment
while reducing the occurrence of a secondary fragment, which results in a narrower mass
distribution of fragments (Pike, 2010).
It is also important to note that the manufacturing process can also effect the
fragmentation characteristics through changes in material properties associated with the
processes (Pike, 2010). Hydrocode results produced by Pike, (2010), were used as a
means to partially validate the ability of ABAQUS to predict the fragment distributions
used in this research.
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Chapter IV
Validation of Numerical Results

The physics involved in the dynamic deformation and fragmentation of materials
under explosive loading is very complex. During the deformation process, the materials
experience severe plastic deformation, damage, and eventually fracture when the plastic
strain is large enough. ABAQUS Explicit was chosen as the analysis tool to model the
fragmentation characteristics of bimetallic cylindrical shells subjected to explosive
loading because of its ability to handle highly transit deformation problems and its use of
realistic material models (SIMULIA, 2012).

4.1 ABAQUS Explicit Methodology
ABAQUS Explicit uses an Euler forward integration scheme to solve the equation
of motions. The time domain is first discretized into a number of time increments. If a
typical time step (𝑡, 𝑡 + 𝛥𝑡) is considered, the nodal displacement vector, 𝑢𝑡 , has been
determined at the beginning of the step, t. The objective is to then determine the
displacement at the end of the step, 𝑢𝑡+𝛥𝑡 .
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The nodal accelerations over the time increment are calculated as
𝑢𝑡̈ = 𝑀−1 (𝑃 − 𝐼)

(4.1)

where M is the nodal mass matrix, P is the external applied forces, and I is the internal
element forces found from the deformation (strain, strain rate) and temperature at the
beginning of the time step. Furthermore, a lumped mass matrix is used (i.e., M is a
diagonal matrix), so that the solution for the acceleration does not require solving
multiple equations simultaneously. Integrating Equation (4.1) with the central difference
algorithm gives the velocity as

𝑢̇ (𝑡+𝛥𝑡) = 𝑢̇ (𝑡−𝛥𝑡) +
2

2

(𝛥𝑡𝑡+𝛥𝑡 + 𝛥𝑡𝑡 )
𝑢̈ 𝑡
2

(4.2)

where 𝛥𝑡𝑡+𝛥𝑡 and 𝛥𝑡𝑡 are the time steps for the current and previous steps, respectively.
Integrating once more yields the displacement at the end of the time step written as
𝑢𝑡+𝛥𝑡 = 𝑢𝑡 + 𝛥𝑡𝑡+𝛥𝑡 𝑢̇ 𝑡+𝛥𝑡

(4.3)

2

The displacement field found by Eq. (4.3) is then used to calculate the strain, and strain
rate, which are in turn used to calculate the stress in the elements. The stress field is used
to evaluate the internal element forces, I, as needed in Eq. (4.1) for the next time step. In
summary, if the dynamic equilibrium at the beginning of the increment is satisfied then
the nodal accelerations are solved explicitly by enforcing the equations of motion at the
beginning of the time step. Then, the velocities and displacements are advanced explicitly
through time. It is important to note that this method integrates the equations of motion
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explicitly and there needs to be sufficiently small time increments for the method to
produce stable and accurate results. However, each increment does not require extensive
computational time (the most computationally demanding part in each time step is in
calculating the internal forces at each node).

4.2 ABAQUS Validation
Since it was known that live test data on fragmentation of bimetallic shells would
not be available for a direct comparison to the computational results, it was important to
validate ABAQUS’ ability to model the large plastic deformation, high-rate problems
considered in this research. This was achieved by comparing the ABAQUS results with
other available results. Specifically, the problem of symmetric impact of two solid bars
was solved using ABAQUS and the numerical results were compared to the analytic
solutions presented in Chapter II. Next, some of the controlled fragmentation problems
analyzed previously using the CTH Hydrocode (Pike, 2010) was modeled with
ABAQUS, and the results from two codes were compared. Finally, the problem of a
homogenous cylindrical shell under explosive loading for which live test data was
available was modeled and the numerical results were compared with the data.

4.2.1 Symmetric Impact Problem
The symmetric impact of two solid bars which was solved earlier (in Section
2.3.3) was modeled using ABAQUS. This was done by giving the striker bar the predetermined velocities and the velocity, density, and stress along the length of the bars are
shown in Figures 4.1-4.3. They correspond to 0.3 microseconds after the impact. At this
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particular time the compressive waves had not yet traversed the entire bars (hence no
reflections from the free ends). The results of the elastic impact is given in Figure 4.1,
while the inelastic conditions corresponding to 5m/s and 500m/s are given in Figure 4.2
and Figure 4.3, respectively. The dashed line at the center of each plot represents the
impact surface, and the striker bar is to the left  x  0  and the impact bar is to the right

 x  0  . Additionally, the red horizontal line shown in Figure 4.1 to Figure 4.3 represent
the analytical solutions obtained previously (in Chapter II). It is seen that the agreement
between the ABAQUS results and the analytic solutions are excellent. Furthermore, the
particle velocities in the bars behind the pressure wave fronts are half the impact velocity,
as expected and shown earlier (Equation. (2.2)). It is also seen that while the increases in
the material densities are rather small for low-velocity impacts (impact velocities of
0.5m/s and 5m/s), the density increase is about 6% (from

8.93 g / cm3 to 9.48 g / cm3 ) for

impact velocity of 500 m/s. An example input file to the ABAQUS program for the
symmetric impact problem is provided in the Appendix.
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Figure 4.1: Elastic Impact
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Figure 4.2: Low Velocity Inelastic Impact
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Figure 4.3: High Velocity Inelastic Impact

4.2.2 Controlled Fragmentation Problem
The controlled fragmentation problem considered previously using CTH (Pike,
2010) was also modeled with ABAQUS and the results are compared with those of
Pike’s. The controlled fragmentation method considered here is the use of internal
grooves to produce a desired fragment distribution. Pike concluded that designs with the
best performing properties had the following: 1) they each have notch or groove depth
greater than half of the shell thickness; 2) have notch spacing that is approximately the
same as the shell thickness; and 3) have shell thicknesses which are many times smaller
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than the radius of the shell (2010). Three scenarios were modeled which represent no
controlled fragmentation, partial controlled fragmentation, and complete fragmentation.
The first of these cases is shown in Figure 4.4 below, which represents a ring with a
radius of 12 cm, is 7.5 mm thick, and has 18 notches each with a depth of 2 mm.

Figure 4.4: No Controlled Fragmentation

Although the primary fragments seen in Figure 4.4 may be of sufficient size, the model
does not represent controlled fragmentation. There are numerous smaller fragments that
are also produced at the regions where the notches were placed. This means that similar
results could have been achieved by relying on natural fragmentation alone (Pike, 2010).
An example of partial fragmentation is shown in Figure 4.5 where the radius is 4 cm, the
thickness is 7.5 mm, and there are 18 notches each with a depth of 4 mm.
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Figure 4.5: Partial Controlled Fragmentation

The change in number of fragments between Figure 4.4 and Figure 4.5 is apparent, but
Figure 4.5 still does represent complete controlled fragmentation. Although the influence
of the grooves has a more pronounced effect in the partial fragmentation example,
secondary fragments can still be seen between the primary fragments. Additionally, some
fragments did not produce any secondary fragments, thus qualifying it for partial
fragmentation. Lastly, the results of the complete fragmentation model are shown in
Figure 4.6 which represents a ring with a radius of 12 cm, is 7.5 mm thick, and has 96
notches each with a depth of 7 mm.
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Figure 4.6: Complete Controlled Fragmentation

The complete controlled fragmentation validation test shows no secondary fractures, thus
fitting the controlled fragmentation category. The results of three test cases using
ABAQUS match identically to the results from the CTH Hydrocode by Pike (2010). It is
important to note that the high explosive used in the models is removed in the figures in
order to allow a better visualization of the fragments.

4.2.3 Comparison with Gurney Equation on Fragment Velocity
One important characteristic of a fragment is the terminal velocity. Based on
transfer of the chemical energy of the explosive to the kinetic energy of the explosive
products and the metal fragments, Gurney proposed a simple equation (the Gurney
Equation) for the initial velocity of the fragments for several shell configurations
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(cylinder, sphere, and plate). The Gurney Equation has been validated by a large amount
of data and is widely used in the design of fragmentation munitions (Meyers, 1994). A
homogenous cylindrical shell filled with explosives was modeled with ABAQUS and the
terminal velocity of the fragments was compared with that given by the Gurney Equation.
For the cylindrical shell configuration, the Gurney equation for the fragment
velocity is (Meyers, 1994)
−1⁄
2

𝑀 1
𝑉0 = √2𝐸 ( + )
𝐶 2

(4.4)

where 𝑉0 is the fragment velocity, √2𝐸 is a property specific to a particular explosive (it
has the dimension of velocity) , M is the mass of the shell, and C is the mass of the
explosive. The shell modeled had an inner radius of 5.1 cm and an outer radius of 5.3 cm,
and the explosive was kept in contact with the inside of the shell. The explosive used for
this process was Comp b, and the corresponding shell mass was 7.45 kg/m while the
explosive mass was 14.05 kg/m. Using these values and 2,710 m/s for √2𝐸, the explosive
constant, resulted in a fragment velocity of 2,669.0 m/s. The time history of the radial
velocity of the shell calculated by ABAQUS is shown in Figure 4.7, together with the
terminal velocity given by the Gurney equation. The maximum velocity of 2,492 m/s was
predicted by ABAQUS, which is in a reasonable agreement with the velocity given by
the Gurney equation.
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Figure 4.7: ABAQUS vs. Gurney Max Velocity

The difference in the two velocities may be due to the assumptions made when using the
Gurney Equation, including: 1) wave propagation effects are not included; 2) energy
dissipated during the plastic deformation is ignored; and 3) the detonation point is
assumed to not have any effect on the shell velocity. However, even with these
assumptions the ABAQUS and analytic results match closely.

4.2.4 Deformed Shape of a Cylindrical Shell
The final validation was done by comparing the deformed shape of a cylindrical
shell with actual test data. For this geometry and loading, experimental data is available
on the shape of the cylinder (in the axial-radial plane) after the explosive has been
detonated. The test was conducted on an axially-symmetrical copper shell filled with
explosives, as shown in Figure. 4.8. Before fracture occurs the deformation remain
axially symmetrical, hence the experiment was modeled as an axially-symmetric
problem.
The explosive was detonated at the right end, and the resulting shell profile was
experimentally determined (Martineau, 1998). Comparison of the profile of the shell 30
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and 50 microseconds after detonation from ABAQUS analysis and that experimentally
measured (Martineau, 1998) is shown in Figure 4.9.

Figure 4.8: Test Setup of an Axially Symmetric Expansion of Cylindrical Shell

Figure 4.9: Comparison of Shell Deformation Results

It can be seen that the shell profile calculated using ABAQUS closely matches the
measured profile.
By these validations it has been shown that ABAQUS is capable of modeling the
fragmentation of a cylindrical ring. Live test data is still crucial considering there have
not been any live tests related to the models produced for this research. The validations
presented in this Chapter give credibility to the computational results.
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Chapter V
Fragmentation of Bi-Metallic Shells

This Chapter presents detailed computational modeling of fragmentation of
bi-metallic shells. The focus of the modeling is on the effects of varying material
percentages on the size and distribution of the fragments. The shell considered is shown
schematically in Figure 5.1. It consists of an inner layer of copper and an outer layer of
Inconel. Within each layer the metal is assumed to be homogeneous. The materials and
geometry were chosen to best match the test articles that will be used for live testing to be
conducted in the future. The high explosive filling, shell material selection, and geometry
are discussed below. The numerical results are presented graphically and the effects of
varying material percentages on the fragmentation are presented and discussed.
Additionally, selected fragment distributions are included with comparison to the
theoretical predictions presented in Chapter III (the Mott distribution).

5.1 Material and High Explosive Selection
The outer layer of the shell was chosen as Inconel 718. This material has
high strength and has a large range of temperatures in which it remains stable. The inner
shell material was chosen as Oxygen-free high thermal conductivity (OFHC) copper.
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Figure 5.1: Schematic of Bimetallic Shells Studied

Multiple sets of parameters are available for heat treated and non-heat treated OFHC
Copper. Since test articles will be produced through Additive Manufacturing and the heat
effects of this process are not known, non-heat treated copper was used for the models.
However, precipitation hardened Johnson-Cook parameters are used for Inconel 718 due
to limited availability of these parameters. The heat treatment effects on the material
properties may lead to different fragment distributions, but these effects are not explored
in this thesis. The standard material properties for Inconel 718 and OFHC Copper are
given in Table 5.1 (Ahzi, 2005; Echavarri, 2012).
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Table 5.1: Material Properties
Inconel 718
Density (ρ)
(kg/m^3)
Young's Modulus (E)
(GPa)
Poison's Ratio (ν)
Melting Temp (Tmelt)
(K)
Reference Temp (Tr)
(K)

OFHC Copper
Density (ρ)
(kg/m^3)
Young's Modulus (E)
(GPa)
Poison's Ratio (ν)
Melting Temp (Tmelt)
(K)
Reference Temp (Tr)
(K)

8470
207
0.278
2073
298

8940
110
0.364
1356
300

5.2 Johnson-Cook Constitutive Model
With the increasing capability of computers, the limiting factor in relation to
computational modeling was the need to adequately define material characteristics for
strength and fracture of specimens under impulsive loading conditions (Johnson and
Cook, 1983).
To model the mechanical response of a metal beyond its elastic limit, one needs a
model that relates the flow (yield) stress to the strain, strain rate, and temperature of the
material. This is called the constitutive model for the metal. Of the many constitutive
models available in the literature, the Johnson-Cook constitutive model is perhaps the
most widely used for engineering applications. This is due to the fact that the model is
easy to use (and to implement in a three-dimensional computational code) and that the
model parameters are now available for several common metals (steel, copper,
aluminum). The model parameters are derived from a significant amount of test data on
the materials over a range of strain rate and temperature (Johnson and Cook, 1983). The
Johnson-Cook constitutive model was chosen for the bimetallic materials in this study.
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The flow stress of the material is given by
𝜎𝑦 = [𝐴 + 𝐵𝜀 𝑛 ][1 + 𝐶 ln(𝜀̇∗ )][1 − 𝑇 ∗ 𝑚 ]

(5. 1)

where 𝜀 is the equivalent plastic strain, A, B, C, n, and m are material constants, and the
dimensionless strain is given as

𝜀̇∗ =

𝜀̇
𝜀̇0

(5. 2)

for the strain rate 𝜀̇0 = 1 𝑠 −1 and a homologous temperature of 𝑇 ∗ . The expression in the
first set of brackets represents the stress as a function of strain, while the second and third
bracket sets give the effects of strain rate and temperature respectively (Johnson and
Cook, 1983). As mentioned previously these constants are determined from torsion,
Hopkinson bar, and tensile experiments where A is the yield stress, and B and n represent
the effects of strain hardening. In general different constants are determined from the
tensile and torsion tests and the average value for each of the parameters is used. The
material constants used for Inconel 718 and OFHC copper are given in Table 5.2 (Ahzi,
2005; Echavarri, 2012).

Table 5.2: Johnson-Cook Constitutive Model Constants

Inconel 718
A (MPa)
1200
B (MPa)
1284
C
0.006
n
0.54
m
1.2

OFHC Copper
A (MPa)
440
B (MPa)
150
C
0.025
n
0.31
m
1.09
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5.3 Johnson-Cook Fracture Model
To model damage and failure (fracture) of the materials, the Johnson-Cook
fracture model (1985) was chosen for this research. In this model, the damage is defined
as

𝐷=∑

𝛥𝜀
𝜀𝑓

(5. 3)

where 𝛥𝜀 is the increment of equivalent plastic strain accumulated during the time step
and 𝜀 𝑓 is the strain to fracture. Fracture occurs when D = 1, and the strain to fracture is
given by (Johnson and Cook, 1985)
∗

𝜀 𝑓 = [𝐷1 + 𝐷2 𝑒 𝐷3 𝜎 ][1 + 𝐷4 𝑙𝑛(𝜀̇∗ )][1 + 𝐷5 𝑇 ∗ ]

(5. 4)

where 𝜎 ∗ 𝑖𝑠 the stress triaxiality defined by

𝜎∗ =

𝜎𝑚
𝜎̅

(5. 5)

and 𝜎𝑚 is the mean stress (average of the three normal stresses) and 𝜎̅ is the von Mises
(equivalent) stress. The constants 𝐷1 through 𝐷5 are material constants used in the failure
model. The expression shown in the first set of brackets reveals that the strain to fracture
changes with the stress state (stress triaxiality). The second bracket represents the strain
rate effects, and the third bracket includes the temperature effects. The failure model
constants for the two materials are shown in Table 5.3 (Ahzi, 2005; Echavarri, 2012).
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Table 5.3: Johnson-Cook Fracture Model Constants

Inconel 718
D1
0.11
D2
0.75
D3
-1.45
D4
0.04
D5
0.89

OFHC Copper
D1
0.3
D2
0.28
D3
-3.03
D4
0.014
D5
1.12

5.4 Set-up of the Cases Simulated
We will now focus on predicting the effects of material percentages on the
fragmentation of a bimetallic shell. To this end, three different overall shell dimensions
were selected. The overall shell dimensions refer to the inner radius (R1) and outer radius
(R3), as shown in Fig 5.1. Furthermore, the thickness of the shells (𝑅3 − 𝑅1 ) was set at
0.5 in. For each set of 𝑅1 and 𝑅3 , the interface radius (R2) was varied to provide different
percentages of two metals, which is the primary focus of this study. The interface
between the two layers was modeled such that there would be no sliding or separation
during fragmentation. This was done because no experimental data on the bond strength
between the two layers is available at this point. The computational mesh was created
using ABAQUS CAE mesh generator with an average element area of 0.089 𝑚𝑚2 for
both layers of the shells. A coarser mesh was used for the explosive since it is only the
pressure loading on the inner surface of the shell that is of interest to this study.
A finer mesh was used for the shell for one test case, but no significant changes in
average fragment size were observed. Thus, the additional computation time was not
warranted.
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To determine the fragment distribution, the area of each fragment and number of
fragments was of importance. To get the fragment data, a text file was created for each
fragment and imported into Excel. Once in Excel, the individual fragment areas were
determined by summing the area of each element composing a particular fragment. A
sample input file for ABAQUS simulations is shown in the Appendix.

5.5 Results
As mentioned previously, three different overall dimensions of shells were
considered, with the thickness of the shells kept at 0.5 in. The inner radii for the three
groups were chosen to be 1.65 in, 1.83 in, and 1.93 in, respectively, resulting in shell
areas of 6.5 in2, 5.97 in2, and 6.84 in2. These dimensions were chosen based on available
test specimens and are an attempt to keep results relevant to future live tests. For each of
the three groups, the interface radius, R2, was varied to study the effects of material
percentages. Ten increments of R2 were selected and the detail dimensions of the
corresponding material percentages are shown in Tables 5.4 - 5.6 for ease of reference. In
summary, a total of 33 (11 cases for each of the 3 groups) ABAQUS simulations were
conducted.
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Table 5.4: Model Geometries for a Shell Area of 5.97 in2

1
2
3
4
5
6
7
8
9
10
11

R1
(in)

R3
(in)

R2
(in)

1.65
1.65
1.65
1.65
1.65
1.65
1.65
1.65
1.65
1.65
1.65

2.15
2.15
2.15
2.15
2.15
2.15
2.15
2.15
2.15
2.15
2.15

1.65
1.70
1.75
1.80
1.85
1.90
1.95
2.00
2.05
2.10
2.15

Copper
Thicknes
(in)
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50

Inconel
Thicknes
(in)
0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

Copper
Area
(in^2)
0.00
0.53
1.07
1.63
2.20
2.79
3.39
4.01
4.65
5.30
5.97

Inconel
Area
(in^2)
5.97
5.44
4.90
4.34
3.77
3.18
2.58
1.96
1.32
0.67
0.00

Total
Area
(in^2)
5.97
5.97
5.97
5.97
5.97
5.97
5.97
5.97
5.97
5.97
5.97

Percent
Copper

Percent
Inconel

0.00
8.82
17.89
27.24
36.84
46.71
56.84
67.24
77.89
88.82
100.00

100.00
91.18
82.11
72.76
63.16
53.29
43.16
32.76
22.11
11.18
0.00

Table 5.5: Model Geometries for a Shell Area of 6.52 in2

1
2
3
4
5
6
7
8
9
10
11

R1
(in)

R3
(in)

R2
(in)

1.83
1.83
1.83
1.83
1.83
1.83
1.83
1.83
1.83
1.83
1.83

2.33
2.33
2.33
2.33
2.33
2.33
2.33
2.33
2.33
2.33
2.33

1.83
1.88
1.93
1.98
2.03
2.08
2.13
2.18
2.23
2.28
2.33

Copper
Thicknes
(in)
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50

Inconel
Thicknes
(in)
0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00
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Copper
Area
(in^2)
0.00
0.58
1.18
1.79
2.42
3.06
3.72
4.40
5.09
5.80
6.52

Inconel
Area
(in^2)
6.52
5.94
5.34
4.73
4.10
3.46
2.80
2.12
1.43
0.72
0.00

Total
Area
(in^2)
6.52
6.52
6.52
6.52
6.52
6.52
6.52
6.52
6.52
6.52
6.52

Percent
Copper

Percent
Inconel

0.00
8.92
18.07
27.47
37.11
46.99
57.11
67.47
78.07
88.92
100.00

100.00
91.08
81.93
72.53
62.89
53.01
42.89
32.53
21.93
11.08
0.00

Table 5.6: Model Geometries for a Shell Area of 6.83 in2

1
2
3
4
5
6
7
8
9
10
11

R1
(in)

R3
(in)

R2
(in)

1.93
1.93
1.93
1.93
1.93
1.93
1.93
1.93
1.93
1.93
1.93

2.43
2.43
2.43
2.43
2.43
2.43
2.43
2.43
2.43
2.43
2.43

1.93
1.98
2.03
2.08
2.13
2.18
2.23
2.28
2.33
2.38
2.43

Copper
Thicknes
(in)
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50

Inconel
Thicknes
(in)
0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

Copper
Area
(in^2)
0.00
0.61
1.24
1.88
2.54
3.22
3.91
4.62
5.34
6.08
6.83

Inconel
Area
(in^2)
6.83
6.22
5.59
4.95
4.29
3.61
2.92
2.21
1.49
0.75
0.00

Total
Area
(in^2)
6.83
6.83
6.83
6.83
6.83
6.83
6.83
6.83
6.83
6.83
6.83

Percent
Copper

Percent
Inconel

0.00
8.97
18.16
27.59
37.24
47.13
57.24
67.59
78.16
88.97
100.00

100.00
91.03
81.84
72.41
62.76
52.87
42.76
32.41
21.84
11.03
0.00

An example of the fragmentation for the cases in which the percentage of Inconel
is greater than that of copper is shown in Figure 5.2. This example corresponds to the test
case #4 shown in Table 5.4 and the contour plot is for the Johnson-Cook damage
parameter given in Equation (5.3). One might expect that the failure of the shell initiates
from the outer surface of the shell. However, because the OFHC Copper has a lower
failure strain than that of Inconel 718 the shell fails at inner surface (the interface of
explosive and copper) first. Also, some fragments fail throughout the OFHC Copper but
not the Inconel 718.
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Figure 5.2: Bimetallic Shell Fragmentation Example (27% Copper)

It can be seen that the materials failed along shear planes which are approximately 45
degrees from the radial direction of the shell. This is expected because ductile materials
tend to fail in shear, and the maximum shear planes are 45 degrees from the radial
direction of the shell. Fragmentation occurs through the following sequence during the
explosive loading process. First, the explosive is detonated at the center of the shell and a
detonation wave travels through the explosive and applies a very large pressure on the
inner surface of the shell. The shell begins to expand radially with a high velocity and
plastic deformation accumulates rapidly in the materials. Then, cracks start to form first
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in the copper when the plastic strain reaches a critical value (the strain to failure). For
most cases the cracks propagate through the Inconel layer and fragments are formed.
The effects of the materials percentages on the average fragment size (area) are
shown in Figures. 5.3-5.5 for three different overall shell dimensions.

Figure 5.3: Average Fragment Size Trend for a Shell Area of 5.97 in2

It is seen that when the percentage of copper is under 50% the average fragment
area decreases as the percentage of copper is increased. For shells containing more than
50% of copper, the average fragment area remains relatively unchanged as the percentage
of copper is increased. The reasons for this trend are provided later in this section. It is
also seen that in the absence of copper (a single layer of Inconel) the average fragment
size is smaller than that for the case with small amount of copper present. This is due to
the generation of secondary (smaller) fragments in the shell. This suggests that compared
to monolithic shells, bimetallic shells with a small percentage of copper (as the inner
layer) may be more effective in generating more effective (larger) fragments.
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Figure 5.4: Fragment Size Trend for an Area of 6.52 in2

Figure 5.5: Fragment Size Trend for an Area of 6.83 in2

As mentioned earlier, the distribution of the fragment mass is also an important
feature of fragments. To that end, the fragment distributions for a subset of the cases
studied are shown. As discussed in Chapter III the Mott distribution has been shown to
represent the fragment mass distribution in a homogenous shell. It is not clear if it can
also apply to the fragment distribution in a bimetallic shell. The cumulative fragment
distributions for the test cases 1, 4, 8, and 11 in Table 5.4 (the smallest of the shells
considered) are shown in Figure 5.6 to Figure 5.9. These figures were created by
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assuming a three-dimensional cubic element for every plane strain element used. It can be
seen that the Mott distribution and ABAQUS results agree only qualitatively; the
agreement is better for cases with low percentages of copper. The numerical results
suggest an improvement over the Mott distribution is warranted for bimetallic shells.

Figure 5.6: Fragment Distribution for Test Case 1 (100% Inconel)

Figure 5.7: Fragment Distribution for Test Case 4 (73% Inconel)
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Figure 5.8: Fragment Distribution for Test Case 8 (33% Inconel)

Figure 5.9: Fragment Distribution for Test Case 11 (0% Inconel)
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Chapter VI
Conclusions and Recommendations

The effects of varying the material percentages on the fragmentation
characteristics of a bimetallic shell have been studied using ABAQUS. Three shell
dimensions were considered. For each of the shell dimensions, the percentages of OFHC
Copper and Inconel 718 were varied and the resulting average fragment size was
determined. Additionally, the distributions of the fragment mass for four different
material percentages were obtained.
To gain confidence in the ability of ABAQUS to model response of materials
under high-rate loadings, several validation problems were considered and the ABAQUS
results for each of the problems were compared with the available results (analytic
solutions, results from a different hydrocode, experimental data). For each of the
validation problems, the comparison was satisfactory.
Close comparison with theoretical predictions and the use of validation methods
gives the obtained results credibility. However, live test data should still be performed.
The computational results on the bimetallic shells show that the addition of a small
amount
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of OFHC Copper to the Inconel 718 initially increases the average fragment size
compared to a shell of pure Inconel 718. However, beyond a critical percentage, an
increase in OFHC Copper yields a smaller average fragment size. The results suggest that
there is an optimal composition (percentages) for bimetallic shells that yields the desired
fragment size. This may have some practical implications for the designer of
fragmentation munitions.
The interaction between the two layers of the materials was modeled as perfectly
bonded (i.e., no slipping or separation). This was done for simplicity and for the lack of
information on the behavior of the interface. For future work, improvement on the
interface modeling should be considered. In order to achieve a more accurate model, data
needs to be provided for the bonds strengths that are attainable through additive
manufacturing processes and incorporated into ABAQUS, as well as material properties.
Also, this research only considered deformation in the plane perpendicular to the axis of
the shell. Three dimensional modeling would improve the fidelity of the model and may
provide addition insights to the fragmentation problem.
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Appendix

Impact Bar Example
** Job name: impact_bar_5ms Model name: Model-1
** Generated by: ABAQUS/CAE 6.14-2
*Preprint, echo=NO, model=NO, history=NO, contact=NO
**
** PARTS
**
*Part, name="Impact Bar"
*End Part
**
*Part, name="Striker Bar"
*End Part
**
**
** ASSEMBLY
**
*Assembly, name=Assembly
**
*Instance, name="Impact Bar-1", part="Impact Bar"
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-0.003,

-0.0007,

0.

** MATERIALS
**
*Material, name=Material-1
*Density
8930.,
*Eos, type=USUP
3940., 1.49, 1.
**
** INTERACTION PROPERTIES
**
*Surface Interaction, name=IntProp-1
*Surface Behavior, no separation, pressure-overclosure=HARD
**
** BOUNDARY CONDITIONS
**
** Name: BC-2 Type: Displacement/Rotation
*Boundary
Set-10, 2, 2
** Name: BC-3 Type: Displacement/Rotation
*Boundary
Set-11, 1, 1
** Name: BC-5 Type: Displacement/Rotation
*Boundary
Set-13, 2, 2
**
** PREDEFINED FIELDS
**
** Name: Predefined Field-1 Type: Velocity
*Initial Conditions, type=VELOCITY
Set-14, 1, 5.
Set-14, 2, 0.
** ---------------------------------------------------------------**
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** STEP: Step-1
**
*Step, name=Step-1, nlgeom=YES
*Dynamic, Explicit
, 2.3e-06
*Bulk Viscosity
0.06, 1.2
**
** BOUNDARY CONDITIONS
**
** Name: BC-4 Type: Displacement/Rotation
*Boundary
Set-16, 2, 2
** Name: BC-6 Type: Displacement/Rotation
*Boundary
Set-17, 2, 2
**
** INTERACTIONS
**
** Interaction: Int-1
*Contact Pair, interaction=IntProp-1, mechanical constraint=PENALTY, cpset=Int-1
m_Surf-10, s_Surf-10
**
** OUTPUT REQUESTS
**
*Restart, write, number interval=1, time marks=NO
**
** FIELD OUTPUT: F-Output-1
**
*Output, field, number interval=1000
*Node Output
A, RF, U, V
*Element Output, directions=YES
DENSITY, LE, PE, PEEQ, PEEQVAVG, PEVAVG, S, SVAVG
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*Contact Output
CSTRESS,
**
** HISTORY OUTPUT: H-Output-1
**
*Output, history, variable=PRESELECT
*End Step
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Example ABAQUS Input File for 2D Bimetallic Shell Fragmentation
** Generated by: ABAQUS/CAE 6.14-2
*Preprint, echo=NO, model=NO, history=NO, contact=NO
**
** PARTS
**
*Part, name=HE
*End Part
**
*Part, name=copper
*End Part
**
*Part, name=inconel
*End Part
**
**
** ASSEMBLY
**
*Assembly, name=Assembly
**
*Instance, name=HE-1, part=HE
** ELEMENT CONTROLS
**
*Section Controls, name=EC-1, DISTORTION CONTROL=NO, ELEMENT DELETION=YES
1., 1., 1.
*Amplitude, name=Amp-1
0.,

0.,

1e-05,

5000000000.,

304000000000.
4e-05,

0.

**
** MATERIALS
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2e-05,

1600000000.,

3e-05,

**
*Material, name=compb
*Density
1720.,
*Eos, type=JWL
7980., 5.242e+11, 7.678e+09,

0.34,

4.2,

1.1,

0., 1.082e+09

*Detonation Point
0.,0.,0.,0.
*Material, name=copper
*Damage Initiation, criterion=JOHNSON COOK
0.3, 0.28, 3.03, 0.014, 1.12, 1356., 300., 1.
*Damage Evolution, type=DISPLACEMENT
0.0001,
*Density
7940.,
*Elastic
1.1e+11, 0.364
*Plastic, hardening=JOHNSON COOK
4.4e+08, 1.5e+08, 0.31, 1.09, 1356., 300.
*Rate Dependent, type=JOHNSON COOK
0.025,1.
*Material, name=inconel
*Damage Initiation, criterion=JOHNSON COOK
0.11, 0.75, 1.45, 0.04, 0.89, 2073.15, 298.15,

1.

*Damage Evolution, type=DISPLACEMENT
0.0001,
*Density
8470.,
*Elastic
2.07e+11, 0.278
*Plastic, hardening=JOHNSON COOK
1.2e+09, 1.284e+09,

0.54,

1.2, 2073.15, 298.15

*Rate Dependent, type=JOHNSON COOK
0.006, 0.001
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**
** INTERACTION PROPERTIES
**
*Surface Interaction, name=IntProp-5
*Friction
2.,
*Surface Behavior, no separation, pressure-overclosure=HARD
*Surface Interaction, name=Normal_S
*Surface Behavior, pressure-overclosure=HARD
** ---------------------------------------------------------------**
** STEP: Step-1
**
*Step, name=Step-1, nlgeom=YES
*Dynamic, Explicit
, 0.00015
*Bulk Viscosity
0.06, 1.2
*Adaptive Mesh Controls, name=Ada-1
1., 0., 0.
**
** INTERACTIONS
**
** Interaction: Int-1
*Contact Pair, interaction=Normal_S, mechanical constraint=KINEMATIC, cpset=Int-1
HE-1.HE_out, copper-1.cop_inner
** Interaction: Int-2
*Contact Pair, interaction=IntProp-5, mechanical constraint=PENALTY, cpset=Int-2
copper-1.cop_outter, inconel-1.inc_inner
**
** OUTPUT REQUESTS
**
*Restart, write, number interval=1, time marks=NO
**
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** FIELD OUTPUT: F-Output-1
**
*Output, field
*Node Output
U, V
*Element Output, directions=YES
CFAILURE, DAMAGEC, DAMAGESHR, DAMAGET, DMICRT, EVOL, PE, PEEQ,
STATUS
**
** HISTORY OUTPUT: H-Output-1
**
*Output, history
*Incrementation Output
DT,
*End Step
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